The existing luminosity of the LHC will be increased in stages to a factor of 10 above its current level (HL-LHC) by 2022. This planned increase in luminosity results in significantly higher levels of radiation inside the proposed ATLAS Upgrade detector. This means existing detector technologies together with new components and materials need to be re-examined to evaluate their performance and durability at these higher fluences. Of particular interest is the effect of radiation on the upgraded ATLAS tracker. To study these effects a new ATLAS irradiation scanning facility has been developed using the Medical Physics Cyclotron at the University of Birmingham. The intense cyclotron beams allow irradiated samples to receive in minutes fluences corresponding to years of operation at the HL-LHC. Since commissioning in early 2013, this facility has been used to irradiate silicon sensors, optical components and carbon fibre sandwiches for the ATLAS upgrade programme. Irradiations of silicon sensors and passive materials can be carried out in a temperature controlled cold box which moves continuously through the homogenous beamspot. This movement is provided by a pre-configured XY-axis cartesian robot system (scanning system). This paper reviews the design, development, commissioning, performance results and future plans of the irradiation facility, fully operational since 2013.
Introduction
By 2022 the luminosity of the LHC will have been increased in stages to approximately a factor of 10 above its current level. This planned increase in luminosity results in significantly higher levels of radiation within ATLAS and places stringent requirements on existing detector technologies. To study these effects a new bespoke ATLAS high intensity proton irradiation scanning facility has been constructed using the cyclotron at the University of Birmingham, enabling the evaluation of future detector technologies for the ATLAS upgrade. This can be done in several minutes as opposed to years of operation. The irradiation facility has been commissioned at the University of Birmingham, using the Medical Physics MC40 cyclotron [1] . For the HL-LHC, fluences of approximately 1.0x10 15 1 MeV n eq cm −2 are required at the inner layer of the strip detector. Using 27 MeV protons at the cyclotron, supplying an almost DC beam current, the protons have a Non-Ionising Energy loss (NIEL) enhancement factor of approximately 2. This means that a 1 µA proton beam can achieve HL-LHC fluences of 10 15 cm −2 in 80 s and with the possibility to achieve higher beam currents, makes the cyclotron beam an ideal facility for irradiation. The energy loss of a 27 MeV proton in 300 µm of silicon is 1.1 MeV and therefore the power dissipated in the sensor by a 1 µA beam is 1.1 W, suggesting that stacking sensors during irradiation should be avoided. The beam is collimated to 1 cm 2 , using pairs of horizontal and vertical plates, and additional cooling has been added to the collimators to allow currents of up to 2 µA. The beam layout is shown schematically in figure 1 . A pre-configured XY-axis Cartesian robot system (scanning table) and radiation hard cool box are used to scan the samples through the 27 MeV proton beam, see figure 2 , where the beam is incident on an area within the 80 × 140 mm 2 box window, see [1] for more details. Samples are mounted on to a carbon fibre frame, and secured in place with cardboard and kapton tape. The frame is then attached to a matrix of fixing holes on the underside of the box lid.
The Birmingham Irradiation Facility
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The temperature and humidity within the box are monitored by a PT100 sensor and controlled using a glycol heat exchanger system. When irradiating silicon sensors, it is crucial to maintain a low temperature within the box as radiation damage is temperature dependent and the sensors can overheat at high temperatures. Two fans are used to circulate the air within the box and the humidity is reduced with a dry N 2 gas feed.
To check the beam profile and monitor the fluence received by the samples, three methods of dosimetry are employed, as described in [1] , where irradiations at cyclotron energies are also shown to be equivalent to other facilities which use different energies and particle beams. Over 200 samples have been irradiated at the Birmingham irradiation facility. Variable beam currents of up to 2 µA were used in order to achieve the required fluence. In figure 3 , an IV measurement of pixel sensors at different fluences has been performed. The highest fluence, 5.0 x 10 15 n eq cm −2 , used a beam current of 2 µA, and shows the effect of annealing; with a higher current than 1.0 x10 15 n eq cm −2 sensor which was irradiated using a beam current of 1 µA. The silicon strip sensors can be characterised further by charge collection efficiency (CCE) measurements which are performed using an Alibava [4] readout system with a 90 Sr source [2] , whilst other samples are tested using other methods. The carbon fibre samples can undergo mechanical strength tests [5] and the electronic components can be visually analysed. Note however that the heating effects observed will not be significant at the HL-LHC where the fluence will be accumulated over years. However, the heating is significant when irradiating sensors at the Birmingham irradiation facility, and therefore further cooling is required.
Sample Testing
Prototype Cooling System
The current cool box uses a glycol heat exchanger system with indirect air circulation, as described in section 2 and cools to -10 o C in approximately 2 hours. To prevent annealing, silicon samples are ideally kept below 0 o C during irradiations. However, at a beam currents above 1 µA, and based on the annealing in figure 3 , from further tests we can conclude that the sensors reached temperatures exceeding 100 o C. The PT100 sensors within the cool box during irradiation are not in direct contact with the sensors and therefore no direct evidence of high temperatures has been recorded. Measurements suggest that the glycol chiller system is unable to remove enough heat from the sensors to prevent damage. A prototype for an improved cooling system with increased air circulation has been proposed and tested and a schematic of the system can be seen in figure 4. The prototype system uses evaporative cooling by dripping liquid N 2 (LN2) on to a block within the box. The block is placed in an overspill tray and thermally isolated from the bottom of the box to avoid damage from direct contact with the LN2. A fan is again used to circulate the cool gas around the box and a Norhof LN2 [3] dispensing unit, which controls the administration of small amounts of LN2, using the pressure within a 50 litre dewar to control the rate of flow. This unit is controlled via the Norhof GUI and maintains a set temperature within the cool box. Figure 4 : Prototype cool box schematic using LN2 dispensing system for evaporative cooling within the box In order to test the system, a dummy cool box has been set up with the geometry in figure 4 , along with a 50 Ω mini heater which uses a range of voltage to generate heat which simulates the different beam currents. This is applied directly on to a silicon sensor, attached to a PT1000 sensor to measure the temperature. Two additional PT1000 sensors are placed within the box, one from the LN2 system which is monitored in order to maintain the temperature within the box, and the other for an additional cross-check. The LN2 system has been set up to maintain the temperature of the cool box at -48 o C. This is achieved in approximately 6 minutes. The materials used in the cool box have also been repeatedly immersed in LN2 to test their integrity and none show signs of damage. The temperature of the sensor is recorded whilst applying 1.1 W to the sensor, using the mini heater, and whilst cooling, once the heater is switched off. The heating results can be seen in figure 5 and the maximum ∆T which can be seen is 40 o C. However, the temperature never increases above -5 o C. Further tests are now needed, in particular measurements to optimise geometry. The box should also be purged with dry N2, as before, to avoid frosting.
Cooling Tests
Conclusion
The Birmingham irradiation facility has been fully commissioned and has irradiated a variety of samples, with further irradiations scheduled. The irradiations at cyclotron energies have been shown to be equivalent to other facilities, yet can achieve HL-LHC fluences on a much shorter time scale. Using variable beam currents allows samples to be irradiated to a range of fluences; however the higher beam currents show some evidence of overheating and it is therefore essential to improve cooling within the box during irradiation. A new prototype cooling system has been designed which uses a LN2 dispensing system and evaporative cooling. The system is easy to set up and use and reaches -50 o C in 6 minutes compared to the current system which cools to a minimum of -15 o in approximately 2 hours. Initial temperature tests show that applying heat equivalent to a 1 µA beam with the new cooling system in a dummy cool box, the temperature plateaus at -5 o C. The initial prototype is successful in removing heat generated by high beam currents, providing a suitable environment to irradiate silicon sensors.
